Well-crystallized particles of cubic and tetragonal γ-Fe 2 O 3 embedded in a Pd matrix were produced besides other oxides by internal oxidation of a Pd-Fe alloy in air. Particles of tetragonal γ-Fe 2 O 3 consist of orientation domains with the c axes normal to each other. Particles of the ordered cubic γ-Fe 2 O 3 appear single crystalline in bright field and in dark field images with reflections of the basic spinel structure. In dark field images enantiomorphous domains were observed using reflections of the ordered phase. From the analysis of electron diffraction patterns in the principal zone axes the description of ordered cubic γ-Fe 2 O 3 in the enantiomorphous space groups P4 1 32/P4 3 32 follows without further presumptions. In the sequence from space group Fd3m of disordered cubic γ-Fe 2 O 3 via P4 1 32/P4 3 32 of the ordered cubic phase to the pair P4 1 2 1 2/P4 3 2 1 2 of tetragonal γ-Fe 2 O 3 a continuous group-subgroup relation can be derived. This relation shows that ordered cubic γ-Fe 2 O 3 is an intermediate phase upon ordering of vacant octahedral sites towards tetragonal γ-Fe 2 O 3 .
Introduction
Among the various iron oxides, γ-Fe 2 O 3 has attracted much attention because of its useful and technologically important properties [1] . γ-Fe 2 O 3 is metastable with respect to α-Fe 2 O 3 . In pure powders the γ-Fe 2 O 3 → α-Fe 2 O 3 transformation temperature is approximately 400 • C [1] while particles embedded in a SiO 2 matrix have been observed to exist up to 1400 • C [2] . γ-Fe 2 O 3 has a defect spinel structure that can be derived from magnetite (Fe 3 O 4 , space group Fd3m) by removing up to 1/9 of the iron atoms [3] .
As early as 1939, superstructure reflections forbidden in space group Fd3m were observed in some γ-Fe 2 O 3 samples [4] . Later, a structure similar to LiFe 5 O 8 was proposed for γ-Fe 2 O 3 where the vacancies in the iron oxide are located at the positions occupied by lithium in the ferrate. Thus, the space group was assumed to be either P4 1 32 or the enantiomorphous one, P4 3 32 [5] . Some years later, a splitting of the superstructure reflections was observed resulting in a tripled tetragonal cell. Based on X-ray data, symmetry of either P4 1 or P4 3 was proposed [6] .
The origin of the superstructures has been identified as an ordering of iron vacancies at octahedral sites of 0932-0776 / 06 / 0600-0665 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com the spinel structure [7 -9] . The appearance of the ordering depends on the degree of the iron deficit [10, 11] as well as on the particle size of the material [8, 12] . Structural refinements on tetragonal γ-Fe 2 O 3 confirm the enantiomorphous pair P4 1 2 1 2/P4 3 2 1 2 as space groups; while atomic coordinates for cubic [12, 14] or tetragonal subcells [13] are given as intermediate results of the refinement procedure. Symmetry investigations by convergent beam electron diffraction suggested a point group m3m and a cubic cell with a tripled lattice parameter [15] , possibly representing a further ordering.
On the basis of lattice parameter measurements, a continuous solid solution series from Fe 3 O 4 via ordered cubic γ-Fe 2 O 3 towards tetragonal γ-Fe 2 O 3 has been reported [11, 32] .
Unfortunately, there is some ambiguity about the symmetry of the ordered cubic variant of γ-Fe 2 O 3 . Several space groups based on powder diffraction data have been published over the years: P2 1 3 [16] , P43m [17] and P4 1 32 [18] . It has been shown that studies based on powder samples are always hampered by the presence of additional phases [20] . Sometimes, the problems arise from the measurement itself: For one particular sample, it has been reported that the tetragonal splitting was clearly observed in electron diffraction, whereas this splitting was not revealed in synchrotron measurements without using anomalous dispersion [12] . The simultaneous presence of enantiomorphous domains in a natural specimen was detected by means of contrast experiments in the transmission electron microscope. While the domain structure observed for γ-Fe 2 O 3 was identical to the domain structure observed for LiFe 5 O 8 with space groups P4 1 32/P4 3 32 applicable simultaneously, it was concluded that both compounds are of the same symmetry [19] . The procedure preformed did not account for the formerly proposed space group P2 1 3 [16] which was left out of consideration. Hence, uncertainties concerning the space group of ordered cubic γ-Fe 2 O 3 still existed.
In the present study internal oxidation [26] of a Pd-Fe alloy was used for synthesis of the Fe-O phases. This unusual method yielded isolated iron oxide crystals embedded in the palladium matrix. Their size frequently exceeded 1 µm. The crystals were ideal for imaging and diffraction analysis in the transmission electron microscope. This material allowed us to determine the symmetry as well as the domain structure of γ-Fe 2 O 3 , thus avoiding the problems associated with space group determination by powder methods. The results are discussed with respect to previous findings in the literature.
Material Synthesis and Experimental Techniques
A number of different approaches have been published for the synthesis of γ-Fe 2 O 3 . The dehydration of γ-FeOOH as well as the oxidation of magnetite are the most commonly used routes [21] . Other successful methods are e. g. the decomposition of organic iron salts [22] , spray pyrolysis [23] , oxidation of iron in an electric discharge [4, 24] , and decomposition of Si/Fe/O containing gels [25] .
Internal oxidation is applicable if the diffusion coefficient of oxygen in the base metal is higher than the diffusion coefficient of the solute in the base metal, as in the case of the Pd-Fe-O system [27] . Oxide precipitates form inside the metallic matrix under the condition that the partial pressure of oxygen is adequate to oxidize the solute metal without oxidising the solvent metal. These conditions are fulfilled in the system Pd-Fe-O at temperatures exceeding 800 • C.
The alloy (Pd 96 Fe 4 ) was cold-rolled to sheets of a final thickness of 100 µm. The subsequent homogenisation and recrystallization was carried out in sealed silica tubes under vacuum.
For oxidation, the alloy sheets were placed in corundum boats in a way such that the contact area of metal and boat was minimized to ensure homogeneous access of oxygen to the sheet's surface. These boats were placed in a hot tube furnace in air for internal oxidation. The reaction time was 24 h at temperatures between 900 • C and 1200 • C. The samples were removed from the hot furnace and immediately quenched in liquid nitrogen.
For the investigation by transmission electron microscopy (TEM), punched discs of the material were thinned mechanically to a final thickness of 30 -40 µm. Final thinning was achieved by Ar + ion beam etching at 4 -6 keV and 7.5 • angle of incidence.
Two different microscopes were used for the investigations: A Philips EM400T operated at an accelerating voltage of 120 keV which gave access to large tilt angles and a Philips CM30ST operated at an accelerating voltage of 300 keV. The CM30ST microscope is equipped with a Noran HPGe energy dispersive X-ray detector which allows quantitative analysis of elements with Z = 11 with a detection limit of approx. 0.5 at.-%.
Results
The iron oxides precipitated as facetted crystals within the palladium matrix (Fig. 1) . The different iron oxide modifications (Table 1) were identified by selected area electron diffraction (SAED). Impurities in the precipitated particles were below the detection limit of the energy dispersive X-ray analysis system. The on-axis SAED-patterns of the individual particles (Fig. 2a -c) . Patterns were recorded with reduced beam intensity since degradation of the superstructure reflections was observed at high electron doses. The presence of reflections (hkl) with h + k =2n + 1, h + l = 2n + 1 and k + l = 2n + 1 is not compatible with face centred cubic symmetry of the basic spinel type while the observation of reflections h + k + l = 2n + 1 exclude a body centred lattice. Since reflections with k + l = 2n + 1 were observed in [100] orientation, the presence of n or d glide planes perpendicular to the a axis can be ruled out. Furthermore, the presence of a glide planes normal to 100 is ruled out by the presence of reflections (0kl), k = 2n + 1. The existence of glide planes perpendicular to 110 is excluded by the presence of reflections (hhl), l = 2n + 1 in the [110] zone axis. Thus, the extinction symbol is P---, P2 1 --, P4 2 --or P4 1 --. The absence of glide planes is proven by the lack of periodicity differences between the zero order Laue zones (ZOLZ) and first order Laue zones (FOLZ) in [100] and [110] direction, while the observed shift of the reflections between ZOLZ and FOLZ in these orientations is expected for a primitive lattice without glide planes [30] , again yielding P---, P2 1 --, P4 2 --or P4 1 --as possible extinction symbols. This leaves P23, Pm3, P432, P43m and Pm3m as well as P2 1 first five of these can be distinguished from the latter four ones by the extinction of reflections due to the presence of screw axes.
Since iron oxide is a strong scatterer for electrons, the dynamic diffraction effects present (Fig. 2a) have to be considered. For this reason, the extinction of reflections {0k0}, k = 2n+ 1 or k = 4n+ 1 was examined by tilting a crystal out off the [100] orientation about the [010] axis so that Umweganregung of kinematically forbidden reflections of type (0k0) is prevented. The exclusive presence of spots with k = 4n in this row of reflections (Fig. 3) proves the existence of either a 4 1 or 4 3 screw axis, leaving the enantiomorphous pair P4 1 32/P4 3 32 as the only space groups possible for ordered cubic γ-Fe 2 O 3 .
The question arising from this result was whether the particles consist of single domains or may be composed of different domains with both space groups simultaneously present. Attempts failed to solve this question by convergent beam electron diffraction (CBED). Since the superstructure reflections vanished within seconds, we were unable to record a useful convergent diffraction pattern even at the lowest possible electron dose in our transmission electron microscope. Thus, a diffraction contrast experiment in imaging mode was carried out. A contrast difference across a domain boundary separating enantiomorphous domains can be observed in dark field microscopy under multiple beam imaging conditions [31] . Best contrast was achieved by tilting the crystal so that only one systematic row of reflections was excited. In bright field imaging, the crystal exhibits continuous thickness fringes running along its outline, indicating lines of equal thickness in beam direction (Fig. 4) . A dark field image of the same crystal using (220) as operating reflection is shown in Fig. 5a . The reflection (220) is allowed for the basic spinel structure. Again, continuous thickness fringes are obtained as expected from diffraction theory. By using (110) or (011) as operating reflection for dark field imaging, discontinuities in thickness contours are observed. These reflections originate due to the ordering of the vacant octahedral atom positions, thus being sensitive to the space groups of the domains. An abrupt change in contrast is visible across the domain boundary separating the domains of the two space groups (Fig. 5b and  Fig. 5c ). Hence, cubic γ-Fe 2 O 3 particles consist of domains having the two enanthiomorphous space groups, P4 1 32 and P4 3 32.
Discussion and Conclusion
Several investigations concerning the crystal symmetry of cubic γ-Fe 2 O 3 are reported in the literature, leading to different proposals for its space group [4, 5, 16 -19] . It was found that the examination of crystal symmetry was inherently difficult using powder diffraction methods due to materials inhomogeneity [20] and the limited suitability of the method applied [12] . To overcome these problems, we used single crystal electron diffraction capable of recording diffraction patterns containing reflections of even very faint intensity from sub micrometer sized particles.
The (Fig. 6) . The preliminary atomic coordinates resulting from the refinement of tetragonal γ-Fe 2 O 3 in cubic symmetry [12, 14] are assumed to be a good approximation for the atomic coordinates of ordered cubic γ-Fe 2 O 3 . With these atomic parameters this material fits into this group-subgroup relationship (Fig. 6) .
This relationship should be expected for a continuous transition between the various iron oxides, as it was found earlier on the basis of the lattice parameters as a function of composition [11] . One of the space groups published for ordered cubic γ-Fe 2 O 3 was P43m [17] . While in principle the construction of a continuous group-subgroup relationship between the space groups Fd3m and P43m is possible (Fd3m t 2 → F43m k 4 → P43m), the space group P43m is not a supergroup of the space groups P4 1 
